This study provides morphological descriptions of three distinct types of hemocytes and one type of oenocyte newly observed in the body cavity of several freshwater ostracode species (Candona candida, C. neglecta, Herpetocypris reptans, H. incongruens, Eucypris virens, Psychrodromus olivaceus, Notodromas monacha, N. persica and Scottia birigida, all Podocopida, Cypridoidea). These cells were found in both males and females and in both juveniles and adults predominantly in inter-lamellar space, along the dorsal margin of the body cavity and in the anteroventral part of the body cavity. In TEM, large granulocytes with a number of pseudopodia and remarkable rounded granula were observed. Their affinity to muscle syncytia and a role in phagocytosis of exogenous particles is distinct. Oenocytoid-like cells with homogenous cytoplasm, rich in polyribosomes and with few membrane-delimited vesicles, were caught in the peripheral parts of body cavity accumulating in special multicellular formations. The oenocytoid-like cells were observed in two cases also by light microscopy. Two types of plasmatocytes (agranular and granular) with numerous pseudopodia were observed in TEM to be involved in phagocytosis of cell debris. Moreover, the plasmatocytes are located in close vicinity with the multicellular formations of oenocytoid-like cells and envelope them or form a sheath. Oenocytes were shown by light microscopy using histological staining to occur in huge amounts in juveniles. In adults their frequency becomes considerably lower. Possible functions of these cells are discussed in the context of invertebrate haematology, physiology and immunology.
INTRODUCTION
Free cells, also called blood-corpuscles or blood cells, were found in crustaceans at the end of the nineteenth century (Hardy, 1892) . In freshwater ostracodes and in the whole group Ostracoda, free cells per se have not been investigated (Maddocks, 1992) . The only two brief mentions of an occurrence of large free cells or migratory cells within the body cavity of ostracodes come from Hartmann (1966) and Rome (1947) in Heterocypris incongruens (Ramdohr, 1808) . Bergold (1910) provided a drawing of large subdermal cells in the posteroventral part of Notodromas monacha (O. F. Müller, 1776) . No further description, microphotograph or specification was provided by any of the above mentioned authors. Accordingly, it is very difficult to assign a term to the particular cell types observed in freshwater ostracodes due to the lack of comparisons with other appropriate groups of microcrustaceans. The determination of each cell type found in freshwater ostracodes was therefore inferred by these authors from the descriptions of particular cell types coming from literature sources concerning various groups of invertebrates. Hence, we compare all the cell types found in ostracodes with the most similar ones in other arthropods. The oenocytes were clearly described and defined in the juveniles of harvestmen (Romer and Gnatzy, 1981) and oribatid mites (Smrž, 1995) . Furthermore, hemocytes were diagnosed to be transporting cells for either haemoglobin in ticks (Brinton and Burgdorfer, 1971) , or enzymes and their components in soil saprophagous mites (Oribatida) (Smrž, 2006) . Nonetheless, the nomenclatorial system of the free cells in invertebrates is in some cases controversial (Yavuzcan Yildiz and Atar, 2002; Romoser and Stoffolano, 1994) . To avoid establishing incorrect or confusing terms, some of the terms used here are intentionally rather generalized (oenocytic cell referring to oenocytes, oenocytoid-like cells referring to oenocytoids), or/and with exact reference to a published description corresponding in the best way to the situation observed in the freshwater ostracodes.
All cell types described in this study are summed up in Table 1 and an overall overview of soft parts anatomy and carapace morphology is provided in Fig. 1 . This work should provide a background for future histochemical and immunocytological investigation of all of these cell types, their origin and development, relations among particular cell types, and their role in physiology and immunology of freshwater ostracodes.
MATERIALS AND METHODS
Free cells were investigated in the following freshwater ostracode species: Candona candida (O. F. Müller, 1776) , C. neglecta Sars, 1887 (both family Candonidae Kaufmann, 1900) , Herpetocypris reptans (Baird, 1835) , Heterocypris incongruens, Eucypris virens (Jurine, 1820) , Psychrodromus olivaceus (Brady and Norman, 1889) , Scottia birigida Smith et al., 2002 (all family Cyprididae Baird, 1845 , Notodromas monacha, N. persica Gurney, 1921 (Notodromadidea Kaufmann, 1900 . All species belong to the order Podocopida Sars, 1866 and the superfamily Cypridoidea Baird, 1845 (Meisch, 2000) .
The majority of ostracodes examined in this work were collected in freshwater habitats in the Czech Republic (except S. birigida, collected in Japan). The animals were collected by means of hand nets in littoral or pelagic zones of water bodies investigated. A set of pedological sieves with mesh size 0.2 mm and 2.0 mm has been used to separate particles of coarse material. The animals have been picked up by Pasteur pipette.
For histological analysis and observation in light microscope (LM) the animals were fixed in modified (Smrž, 1989) Bouin-Dubosque-Brasil fluid, embedded in Histoplast (Serva), sectioned by microtome Leica RM 2155 (thickness 5 lm) and stained by Masson's trichrome (Smrž, 1989) or Domagk's Azan staining. For the TEM microscopy the specimens were fixed in 2.5% glutaraldehyde with 0.1M phosphate-buffer and postfixed in 1% OsO 4 . After dehydration in acetone series the specimens were embedded in Spurr's medium epoxy resin (Polysciences Ltd.). Ultrathin sections were cut on an ultratome Leica UCT and stained with lead citrate and saturated solution of uranylacetate in 50% ethanol. The specimens were observed by TEM using the microscope JEOL 1011, and the images were acquired by a camera Megaview III (SIS GmbH) equipped with software AnalySIS.
All microscopic slides and TEM probes used in this study are deposited at the Department of Zoology of the Faculty of Science, Charles University, Viničná 7, CZ -12843 Prague. Martin and Hose, 1992) These conspicuous cells ranging in size between 4-10 lm were found in the dorso-posterior part of the body cavity in juveniles of H. incongruens (in TEM), in both juveniles and adults of H. reptans (in LM) and in peripheral parts of body cavity in N. persica. The granulocytes possess abundant electron-dense membrane-delimited granula with homogenous content. The dark homogenous granula substantially prevail over light-speckled granules. These cells are variable in their shape, depending on whether they develop pseudopodia, and if so, which type of pseudopodia. The cells without pseudopodia were observed to take an irregularly to regularly oval form. Three types of pseudopodia are recognizable in these cells.
RESULTS

Granulocytes (sensu
Bulbous and Lobate Pseudopodia ( Fig. 2A ).-Pseudopodia generated along the whole surface, with predominantly finely granular electron-lucent filling, are the most common. Large electron-dense granules and small electron-lucent vesicles were also found within these pseudopodia but, were substantially less numerous. In regions where the pseudopodia are emitted, release of the content of large granula out of the membrane is distinct. In this case, empty vesicles are left on the spot where the granula were. Forming these pseudopodia, the cell acquires an irregularly rounded shape with a rounded, centrally situated nucleus. Cells with this type of pseudopodia were found among others in close proximity to muscle syncytia with distinct affinity of the pseudopodia to the muscle cells. These pseudopodia are developed only along that side of the granulocytes oriented towards the muscle cells, and they are directed towards the muscle cells (Fig. 2C ).
Long and Tapering Pseudopodia Oriented in One Direction (Fig. 2B ).-These pseudopodia were observed in the cells, pervading between the layer of epidermal cells and muscle syncytium. The cells possessing these pseudopodia are also elongated and tapered in their shape. The nucleus also becomes tapered in these cells.
Pseudopodia Involved in Enveloping an Allochthonous
Particle, e.g., Bacteria (Measuring 300 nm).-This kind of pseudopodia allows phagocytosis (Fig. 2D) , which was observed in several cells during different stages of this process. In those cases where the enveloping pseudopodium is smaller, it predominantly does not contain any granula or membrane-delimited vesicles, while the larger pseudopodia contain at least some granula. In both cases, the cell emits a single prolongated to very long pseudopodium enclosing the object phagocyted. The cells caught in course of the phagocytosis range in their form from regularly rounded outline with a centrally situated nucleus, to strongly irregular shape with an irregularly shaped and situated nucleus. Any single cell never possesses more than one type of pseudopodia. Within the cells involved in phagocytosis, phagolysosomes (Fig. 2D ) are distinct. These vesicles, measuring up to 1.5 lm, contain phagocyted particles (in most cases bacteria), which are gradually melanized and then decomposed. The cytoplasm is rich in polyribosomes. Rough endoplasmic reticulum and round to oval mitochondria (in most cases having undergone the osmotic shock caused by the fixation) are present. Nuclei have both euchromatin and heterochromatin present. A prominent nucleolus was found only in some of the cells observed.
Oenocytoid-like Cells (sensu Hillyer et al., 2003) These cells measuring approximately 4-6 lm are of various shapes ranging from triangular to irregularly rectangular on sections in TEM. The cytoplasm is homogenous and very rich in polyribosomes. The membrane-delimited organelles are poorly developed. The irregularly shaped nucleus possesses scattered heterochromatin. These cells were observed only in juveniles of H. incongruens (Fig. 3A) . In N. persica, a very similar cell type with homogenous cytoplasm and lack of membrane-delimited organelles was found, but the cytoplasm of these cells is filled up with scattered electron-translucent metabolic inclusions in huge numbers (not shown). These relatively large cells (up to 15-25 lm, similar situation in oenocytoids observed by Butt and Shields, 1996) of variable shape in some cases contain vacuoles, which if peripherally situated open out of the cell. Moreover, a few peripherally situated, small and round mitochondria are present in these cells. In the nucleus scattered heterochromatin areas are present as well as a distinct nucleolus. These cells are arranged in multicellular and multilayer formations in the superficial parts of the body cavity.
In LM, oenocytoid-like cells were observed freely scattered in the anteroventral part of the body cavity among others close to the ventral chain of ganglia in C. candida (Fig. 4B ) and C. neglecta (cf. Silva et al., 2002) . These cells are of variably oval shape measuring approximately 3-5 lm. They are typical with the homogenous cytoplasm and annulated structure observed along the circumference of their nucleus.
Plasmatocytes (sensu Guilianini et al., 2003) Plasmatocytes have been so far observed in N. persica in TEM and in E. virens in LM (here shown only in N. persica). These cells are also in ostracodes typical with a high variability in their shape and size. The plasmatocytes having fusiform shape were observed to be 14-20 lm long and 3 lm wide. The plasmatocytes of irregular shape considerably range in their size (3-16 lm in various directions). Two types of plasmatocytes were observed. Agranular Plasmatocytes.-These plasmatocytes are irregular in their shape, have large nucleus with several heterochromatin areas and possess well-developed Golgi complex cisternae in their cytoplasm. The irregular pseudopodia of the agranular plasmatocytes are tapered into filiform pseudopodia by means of which the cells can surround and envelop cell debris (most frequently damaged mitochondria). Granular Plasmatocytes (Fig. 3B ).-The granula in these cells in comparison with granulocytes are in all cases distinctly more electron dense, and inder higher magnification no membrane was observed surrounding these granula. In N. persica, the granular plasmatocytes were caught enveloping and phagocyting cells debris as was observed in Lepidoptera (Butt and Shields, 1996) . Very elongated Fig. 2 . TEM microphotographs. A, Granulocyte (H. incongruens) with bulbous pseudopodia (ps) and cytoplasm filled with electron-dense granula, pseudopodia contain membrane-delimited vesicles with electron-lucent filling (ps1) or granula (ps2); B, Granulocyte (H. incongruens) penetrating through epidermis lining lamellae of carapace (ca) and muscle syncytium; ps, tapered oriented pseudopodia; nu ¼ nucleus; C, Granulocyte (N. persica) with bulbous pseudopodia (ps) directed towards muscle syncytium (ms); D, Granulocyte caught during phagocytosis (H. incongruens), pp ¼ phagocyted particles, pl ¼ phagolysosom, g ¼ granula, mt ¼ mitochondrion, er ¼ rough endoplasmic reticulum. Scale bars ¼ A, B, D, 2 lm; C, 5 lm. pseudopodia of granular plasmatocytes were found in close vicinity with the multicellular formations of oenocytoid-like cells as mentioned above, enveloping the formations and producing sheath of this structure or at least being in the direct connection with this sheath of apparently cellular origin. Granular plasmatocytes were also observed to engulf degenerated gastric cecal cells filled with lipid droplets (Symonová, 2007) .
Oenocytic Cells (sensu Smrž, 1995) The oenocytic cells were observed filling up in huge amount the body cavity in juveniles of S. birigida (semi-terrestrial species; Fig. 4C, D) . The same kind of cell was also found (but not to such an extent) within the interlamellar space, i.e., between both the calcified outer lamella (the proper carapace), and the calcified portion as well its uncalcified membranous continuation of the inner lamella (a folded duplicature of the outer lamella; Fig. 1) (Fig. 4A) . In these spaces, hepatopancreas, ovaries, and testes also occur (Symonová, 2007) . In addition, these cells occur also in basal parts of appendages in juveniles and adults of H. reptans, N. persica, and P. olivaceus. Oenocytic cells are irregularly oval in their shape and measure approximately 2-3 lm in diameter (Fig. 4C) . Stained by Masson's trichrome, the oenocytic cells become rose-violet colour with several apparent black spots. These cells strongly resemble cells of the cortical part of ventral chain of ganglia (Fig. 4C, inset) . However, these neural cells are, naturally, associated just with chains of ganglia in the anteroventral part of the body cavity.
DISCUSSION
At least some functions of the granulocytes can be inferred from their morphology observed in TEM. In the case of the cells forming lobate and bulbous pseudopodia in close proximity to muscle syncytia, it is very probable that products of these cells transmitted via the pseudopodia contribute to the basal membrane formation of this tissue, as has been described in insects (Lackie, 1988) . The cells possessing oriented tapering pseudopodia are clearly able to move freely among other cells and tissues. These cells could, in freshwater ostracodes lacking a vascular system, transport and distribute nutrients as well as remove and accumulate waste products of metabolism. The other possible role of these circulating cells could be monitoring the presence of exogenous particles within the body cavity. The exogenous particles, once recognized, are removed by mean of phagocytosis as was demonstrated in TEM in this study. This is followed by phagocytic vacuole formation and subsequently by occurrence of phagolysosomes within the large granule hemocytes. Hence, this method of recognition and inactivation of possible pathogens or parasites can be considered as a part of the cell-mediated immunity of freshwater ostracodes, similar to that already described in other better investigated invertebrates. In invertebrates generally, the cellular recognition has been ascribed to molecular mechanisms based on protein-carbohydrate interactions localized at cytoplasmic membrane (Smith and Ratcliffe, 1980) . Lectins, the ubiquitous carbohydrate-binding proteins involved in this interaction, are in molluscs and arthropods biosynthesized just by hemocytes (Renwrantz, 1986) . The circulating hemocytes in the freshwater prawn Macrobrachium rosenbergii have been documented to be capable of recognition of allochthonous cells via Oacetylsialic acid and N-acetylated saccharides detected by a specific lectin on the surface of recognized cells (Vázquez et al., 1997) . The granulocytes were also proven as a place of phenoloxidase synthesis (Johanson and Söderhäll, 1989; Cerenius and Söderhäll, 2004) . This enzyme plays an important role in the defence response to foreign invaders, e.g. pathogens and parasites (Cerenius and Söderhäll, 2004) .
The functions of oenocytes in arthropods have not been completely elucidated, but some aspects of the biochemical and physiological role of these cells have been documented, predominantly in insects. Oenocytes derived from the same ectodermal progenitor as epidermal cells (Lawrence and Johnson, 1986) participate in cuticle production by secretion of lipoproteins forming the cuticulin layer of epicuticle (Wigglesworth, 1978) . In larval instars, the integumental oenocytes besides the epidermal cells provide an alternative source of ecdysteroids (Romer et al., 1974; Romer, 1980) . Therefore, the number of oenocytes increases in juveniles of harvestmen (Romer and Gnatzy, 1981) and oribatid mites (Smrž, 1995) during their ontogeny when the requirements of the cuticle secretion are increased. This is true especially for the leg bases and their inside, both with great accumulations of these free cells.
The expression of catalase, one of the key antioxidant enzymes in the metabolism of oxygen free radicals, was ascertained among other tissues related to intermediary metabolism (digestive and adipose system) and in oenocytes from early ontogenetic stages to fully matured individuals of Drosophila melanogaster (Klichko et al., 2004) . In chelicerates, haemocytes transfer some substances (enzymes, metabolites) as indicated by their vacuolization and differences of their contents under the various conditions (Smrž, 2002) . Moreover, haemocytes participates in the resorption processes in ovaria under the progressive dry environmental conditions (Smrž, 2002 (Smrž, , 2006 .
Oenocytes have been identified as the only cell type being evolved in a decarboxylation enzyme system acting in removing the carboxyl group from fatty acids to produce hydrocarbons in the gypsy moth Lymantria dispar (Jurenka and Subchev, 2000) and in the German cockroach Blatella germanica (Gu et al., 1995) . In this way, alkene precursors to pheromones have been biosynthesised and then released in presence of hemolymph or transported by lipophorin to the pheromone gland (Jurenka and Subchev, 2000, Gu et al., 1995) .
The high incidence of oenocytic cells in juveniles, when the animals undergo cycles of ecdysis and in between rapid growth phases, could indicate the role of oenocytic cells in the cuticle formation as well as in ecdysosteroids production also in freshwater ostracodes. The occurrence of oenocytic cells in adult individuals could suggest involvement of these cells in intermediate metabolism.
All the above mentioned aspects of biochemical and physiological importance of oenocytic cells should be taken into account also in freshwater ostracodes and should be properly investigated by histochemical experiments related among others to pre-ecdysis, ecdysis and post-ecdysis periods.
The huge number of metabolic inclusions within oenocytoid-like cells in N. persica and of polyribosomes in H. incongruens suggests a role of these cells in metabolic processes as well as possible secretory function. In both C. candida and C. neglecta the scattered distribution of these cells regarding their possible role in metabolic processes could substitute the role of vascular system in transportation of for example nutrients to cells or waste products of metabolism from cells. In species of Candonidae so far investigated, the oenocytoid-like cells are the only cell type observed. Granulocytes and plasmatocytes have not been found in this group. This suggests a differential taxonomical distribution of the particular cell types among various groups of ostracodes.
There is a strong suggestion of functional interconnection between at least granular plasmatocytes and oenocytoid-like cells in N. persica resulting from the observed morphological interconnection. Products of oenocytoid-like cells representing most probably fixed location of intermediary metabolism could be transported and distributed by evidently free plasmatocytes. Occurrence of vesicles in the area of contact between a plasmatocyte and oenocytoid-like cell was observed. Also the products of lysis of cell debris can be transmitted from plasmatocytes to oenocytoid-like cells, because evaginations of plasmatocytes into the oenocytoid-like cells were recorded (not shown).
The other clear function of plasmatocytes, which are typical blood cell types also in Daphnia (Branchiopoda) (Kolb, 1991) , is apparently a phagocytosis of intrinsic damaged structures. The accumulations of plasmatocytes around destroyed cells and the phagocytosis of cell debris were observed frequently. The phagocytosis of apoptotic cells and thus importance in embryonic tissue formation as documented in other arthropods (Holz et al., 2003) should be taken into account also in ostracodes.
In conclusion, four morphologically distinct types of free cells within the body cavity of freshwater ostracodes were investigated. Some functions of these cells inferred from their morphology and ultrastructural traits appear to be for recognition and phagocytosis of either exogenous (granulocytes), or endogenous (plasmatocytes) particles. These cells also facilitate certain pathways of intermediary metabolism. Further histochemical and immunocytological investigations should be undertaken to elucidate role of these cells in more details.
